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The theoretical study of transverse susceptibility ͑TS͒ was not subject to substantial changes after the classical article of Aharoni et al.
1 in which the comprehensive theoretical description of the reversible susceptibility tensor for the Stoner-Wohlfarth model was given. Subsequent theoretical approaches of TS overcame some limitations of the approach of Aharoni et al. by taking into account magnetic systems with different types of anisotropy 2 or studying the effect of interactions and thermal relaxation. What is common to all papers published previously and dealing with transverse susceptibility modeling is the theoretical approach used. The transverse susceptibility for a specific free energy expression is evaluated employing a free energy minimization method. The disadvantage of this approach is the lack of generality and the difficulty of describing reversible transverse susceptibility ͑RTS͒ for magnetic systems with more complex free energy expressions. Recently we proposed a general approach 3 to theoretically determine the susceptibility tensor for virtually any magnetic systems if an expression of its free energy is known. In this paper we apply this approach to SAF structure. Expression for reversible susceptibility tensor for SAF is given and plots of the field dependence are also presented.
In a susceptibility experiment it is required to apply two magnetic fields: a dc field H dc which can be varied in a quite large range, and a small perturbing ac field H ac = H ac,0 e it , and the magnetization variation is measured. In the absence of thermal agitations the dynamics of the magnetization M of a single-domain particle is governed by the Gilbert equation that can be written in the Landau-Lifshitz form as
where ␥ = ͉␥ 0 ͉ / ͑1+␣ 2 ͒, ͉␥ 0 ͉ = 2.211ϫ 10 5 m / A s is the gyromagnetic ratio, ␣ is the phenomenological Gilbert damping constant, and H eff =−‫ץ‬F / ͑ 0 V‫ץ‬M͒ + H ac is the effective field and it incorporates the effects of different contributions in the free energy F ͑that contains the dc field͒ and the small timedependent ac field, with V the volume of the particle. In order to preserve the magnetization's magnitude the LandauLifshitz-Gilbert ͑LLG͒ equation can be expressed better in spherical coordinates ͑M S , , ͒. The singularities of the spherical coordinates along the polar axis can be avoided by a͒ Author to whom correspondence should be addressed; electronic mail: lspinu@uno.edu an adequate choice of the Oz axis. Thus the time variation of the magnetization direction is given by
where H =−F / ͑ 0 VM S ͒ + H ac, and H = −F / ͑ 0 VM S sin ͒ + H ac, are the polar and azimuthal components of the effective field, respectively, with F = ‫ץ‬F / ‫ץ‬ and F = ‫ץ‬F / ‫.ץ‬ The time varying ac field will produce a dynamic component of the magnetization ␦M = ͑0, M S ␦ , M S sin ␦͒ from the static equilibrium position.
The generalized SAF consists of two ferromagnetic layers 1 and 2 that have the thickness t 1 and t 2 , and magnetizations M 1 and M 2 , respectively, coupled through a nonmagnetic spacer. Assuming that the two magnetic layers behave like two single domain particles, the time evolution of the system is described by the coupled equations of motion for each magnetization. Following a similar derivation as in the ferromagnetic resonance ͑FMR͒, 4 by solving the inhomogeneous system of linear equations on the deviations ␦ i , ␦ i from the static equilibrium position, the susceptibility tensor in the laboratory reference system ͑x , y , z͒, defined by ␦M = · H ac , with ␦M the variation of the total magnetic moment, can be obtained as
͑3͒
where
and m = M 2 / M 1 , t = t 2 / t 1 , V 1 = St 1 is the volume of first layer, with S the area, F i j , F i j , F i j are the second derivatives of free energy density at the static equilibrium position ͑ i 0 , i 0 ͒, and Diag is the diagonal matrix. The element lp of the tensor ͑3͒ is thus describing the response of the total magnetization in the lth direction from an incremental change in the pth direction of the applied field. If the Oz axis is parallel to the direction of the biasing dc field then the diagonal elements are the parallel susceptibility ͑PS͒ zz measured in the field direction, and the two transverse susceptibilities ͑TS͒ xx and yy , measured perpendicular to the bias field direction. As it results from ͑3͒ the susceptibility is complex and depends on the ac field frequency and the damping constant ␣.
For low values of the frequency of the ac field ͑ → 0͒ it may be assumed that the magnetization lies in a minimum of the free energy at any moment, and the change of the applied field provides only reversible changes of magnetization ͑i.e., processes which involve no loss of energy͒, as is the case in the model of Aharoni et al. In this case the reversible susceptibility tensor is given by
where no imaginary part and no dependence of damping constant ␣ exist. Equations ͑3͒ and ͑4͒, due to their generality, are able to describe the susceptibility of a generalized SAF coupled magnetic systems with virtually any type of anisotropy, any orientation of the anisotropy's axes, and any type of interactions between the two layers. Moreover, using this general approach it is possible to calculate not only TS and PS but all the susceptibility tensor's components and/or the susceptibility along any direction. This is very useful if the susceptibility along different directions, not only transverse to dc field, is measured. 5, 6 If we assume that the film sample lies in the xOz plane, both layers have a uniaxial anisotropy with the easy axes in the sample's plane, and the dc field is also applied in the FIG. 1. Major hysteresis loop ͑MHL͒ and xx for symmetric SAF structure for two orientations of the dc field H = 15°and H = 60°and for two coupling strengths: ͑a͒ h J = 0.2, and ͑b͒ h J =1. sample's plane, then due to symmetry reasons the magnetizations M i will lie in the xOz plane and the energy density per unit area can be expressed by
where K1 and K2 denote the easy axes angle, K u1 and K u2 the anisotropy constants, respectively,
and h J the exchange coupling strength between the two layers ͑with h J Ͻ 0 or h J Ͼ 0 for ferromagnetic/antiferromagnetic coupling͒. The diagonal elements of the reversible susceptibility tensor can be written as .
͑5͒
From Eqs. ͑5͒ we observe that for SAF systems the diagonal reversible susceptibility varies inverse proportionally with the discriminant of the free energy for the coupled magnetic thin films, and their singular points are zeros of the free energy discriminant, namely, that the susceptibility is a measure of the "curvature" of free energy. In Fig. 1 are shown the field variation of the normalized total magnetic moment and the variation of the reversible susceptibility xx for a symmetric SAF structure with the easy axes of the two layers parallel to each other and along Ox axis for two orientations of the dc field and for two coupling strengths. Depending on coupling strength and applied field orientation the magnetization switching of the two layers from the SAF structure can be more or less visible in the hysteresis loops. For example, as it is shown in Fig. 1͑a͒ , for a field applied along a direction which makes an angle of H = 60°with the hard axis the switching is very well defined. However, for H = 15°the switching events are not very well visible, and experimentally this can be very difficult to be observed from regular hysteresis loops. On the other hand, one observes that the susceptibility versus field curves present sharp peaks at the field values at which magnetization switches for the entire angular domain of the applied field. Thus, plotting on a polar chart the switching field versus the field orientation one can obtain the SAF critical curve, 7 i.e., the corresponding of the astroid from the StonerWohlfarth model. For larger coupling strengths switching events could become difficult to observe even in the susceptibility curves, as can be observed in Fig. 1͑b͒ . In this case the switching will determine only a shoulder ͑still more visible than in the hysteresis loops͒ and not a very well defined peak in the susceptibility versus field curve. From additional study of these particular situations we concluded that the susceptibility does have its denominator ͑and discriminant of the free energy͒ equaled to zero at the switching point, and the numerator has a very small value. Consequently, for these particular situations the zeros of the free energy discriminant will not determine a very sharp peak seen in the susceptibility signal. To make these switching points visible a strategy to follow is to use field scans that do not pass through origin. 
